The effect of surface Mo on the water-gas-shift (WGS) activity of Pd/ceria was studied. A series of 1-wt% Pd catalysts, with varying Mo content, were prepared from supports obtained by aqueous impregnation of (NH 4 ) 2 MoO 4 onto ceria. Rates were found to decrease linearly with Mo coverage up to 1.8 Mo/nm 2 and were 10% of that on Pd/ceria after the addition of this amount of Mo. TPD studies with 2-propanol on the Mo-containing ceria demonstrate a relationship between the loss of WGS activity and ceria sites that decompose the alcohol to propene and water. FTIR measurements suggest that Mo ions exchange with surface hydroxyls on ceria and that carbonates are not formed on ceria surfaces that have 1.8 Mo/nm 2 . The results from CO-O 2 pulse measurements suggest that the Mo-containing surface is much harder to reduce than pure ceria. Raman spectra of the Mo-containing ceria show features associated with molybdena only for Mo coverages greater than 1.8 Mo/nm 2 . The implications of these results for understanding WGS activity on Pd/ceria are discussed.
Introduction
Ceria-supported, precious metals have been getting increased attention as water-gas-shift catalysts for fuel-cell fuel processors [1] [2] [3] . In addition to showing significantly higher reaction rates than traditional Cu/ZnO catalysts under some conditions relevant to fuel processors, the ceria-based catalysts are much less sensitive towards start-up/shut-down cycles and are not pyrrophoric. While questions about their long-term stability remain [4] , it is not clear how large this problem really is [3] and there are indication that it can be resolved in any case [5] . Finally, the reaction is almost zeroth order in CO on ceria-supported precious metals, due to the redox mechanism in which the metal remains saturated in CO to low CO pressures [6, 7] . This low reaction order is favorable for fuel cell applications since it allows for high rates at low CO pressures.
One of the most intriguing scientific aspects of ceria catalysis is that its properties depend strongly on pretreatment conditions and on doping with other oxides. For example, when precious metals are supported on ceria films that have been calcined at temperatures below 1073 K, the catalytic properties of the material are consistent with facile transfer of oxygen from ceria to the metal [8, 9] . The oxidation of Pd films by an underlying ceria-zirconia support was also observed spectroscopically to occur at moderate temperatures [10] . However, when pure ceria is calcined to higher temperatures, it becomes more difficult to reduce, resulting in a significant decrease in the activity of ceria-supported metals [11, 12] . Consistent with this, CeO 2 single crystals, which by definition have been heated to high temperatures during their preparation, are difficult to reduce except by very harsh treatments such as ion sputtering [12, 13] . (Notice that ordered ceria films grown stabilized-zirconia crystals are highly reducible and should not be considered in this category [14] .) Deactivation of the oxygen storage capacity of ceria by high temperatures in automotive applications is well known, and it is necessary to stabilize the reducibility of ceria for that application by mixing it with zirconia [15] .
In a recent study of water-gas-shift (WGS) catalysis over Pd/ceria [16] , it was shown that the addition of only 5 mol% of MoO x to the surface of ceria decreased the reaction rates at 473 K by an order of magnitude without changing the activation energy for the reaction. This result is interesting for a number of reasons. First, given that molybdena has interesting redox properties, one might expect that it would promote the WGS reaction rather than poison it. Second, the small quantities required to significantly reduce the reaction rate suggest that Mo is very efficient at poisoning the reaction and that determining how the Mo poisons the reaction might provide insights into the reaction mechanism and the nature of the active sites.
In the present study, we have examined the poisoning of ceria by Mo more carefully to try to understand how the two oxides interact. We will show Mo ions react with surface hydroxyls on ceria and that the reducibility of the ceria surface is effectively poisoned by coverages less than 2.0 Mo/nm 2 .
Experimental
The catalysts used in this study were prepared from ceria powder that was synthesized by A wide range of techniques was used to characterize the samples. First, surface areas were determined from BET isotherms with N 2 on each of the supports after outgassing at 623 K.
Next, the nature of the surface sites on each of the supports was probed using simultaneous temperature-programmed-desorption (TPD) and thermogravimetric-analysis (TGA) measurements of isopropanol, as has been described elsewhere [17] . Briefly, approximately 70 mg of sample was placed in the sample pan of a Cahn 2000 microbalance, heated in vacuum (~10 -7 torr), and then exposed to 5 torr of isopropanol at room temperature. After evacuation for 1 h, the sample temperature was ramped at 20 K/min while monitoring the sample weight and the partial pressures above the sample with an Inficon residual-gas analyzer.
The FTIR spectra were recorded using a Mattson Galaxy FTIR instrument with a diffuse- used in this study, rates were completely stable with time. The reaction products were measured using a gas chromatograph (SRI8610C) equipped with a Hayesep Q column and a TCD detector.
The transient-pulse experiments were performed on a system that has been described previously [18] . Computer-controlled switching valves allowed the composition of reactants admitted to a tubular reactor to undergo step changes. The product gases leaving the reactor could be analyzed by an on-line quadruple mass spectrometer. Integration of the partial pressures as a function of time allowed accurate determination of the amounts of oxygen that could be added or removed at different temperatures. The carrier gas was pure He, with relatively dilute amounts of CO (5% in He), O 2 (7% in He), and H 2 O (2% in He) added in the pulses. The amount of catalyst used in the pulse studies was 1.0 g. Table 1 gives the surface areas of the ceria and Mo-modified ceria supports used in this 9.0 nm on these three samples based on Scherrer analysis. While the specific surface areas for these crystallite sizes should be much higher than we observe (Spherical particles, 6.0 nm in diameter, should result in a specific surface area of ~140 m 2 /g.), the increase in crystallite size clearly follows the decrease in surface area, indicating that the addition of MoO 3 to the surface probably assists in the sintering of ceria crystallites. One should expect that the additional processing steps required to add Mo to the ceria could increase the crystallite size and this could account for the increase to 6.8 nm upon addition of 1 wt% Mo. However, the significant increase observed for the 2 wt%-Mo sample suggests that Mo also enhances sintering of ceria.
Results
The effect of added Mo on the water-gas-shift rates are shown in Fig. 1 and Table 2 for differential conversions with 25 torr of CO and 25 torr of H 2 O. In each case, the rates were measured after adding 1 wt% Pd to the supports listed in Table 1 . Since we were only able to maintain differential reaction conditions over a limited range of rates, the most active samples were those that achieved these rates at the lowest temperatures. To compare rates at a common temperature in Table 2 , it was necessary to extrapolate the rates on some samples using the activation energies determined from a linear regression of the data in Fig. 1 . Clearly, the Pd/ceria catalyst without added Mo showed the highest rates, with Mo-containing samples exhibiting rates that decreased with increasing Mo content. Rates on the Pd/4wt%Mo-ceria sample were indistinguishable from rates on Pd/MoO 3 . It is also interesting to consider that the addition of 1.25 wt% Mo decreased the WGS rate by almost a factor of 10. This coverage of Mo corresponds to 1.8x10 18 Mo/m 2 , a specific coverage that is less than one would normally associate with a monolayer capable of blocking the surface of ceria.
Because alcohols should interact in a very different manner with MoO 3 and ceria, TPD-TGA measurements were performed with 2-propanol adsorption to provide information on how
Mo modifies the surface properties of ceria. Fig. 2 shows TPD-TGA curves obtained after a brief exposure to 2-propanol vapor for pure ceria and for ceria with 1 wt% Mo. In Fig. 2a) , the result for pure ceria, the initial alcohol coverage after evacuation was ~210 µmol/g, 2.1x10 over a wide temperature range, making it difficult to monitor.) By using the TGA results, the amount of propene leaving the pure ceria sample was calculated to be 9.3x10 17 molecules/m 2 .
Following the addition of 1 wt% Mo, the TPD-TGA curves appear very different. The quantity of 2-propanol remaining on the surface decreases significantly, to 140 µmol/g (1.6x10 18 molecules/m 2 , 76% of that adsorbed on pure ceria). Even more important, the amount of propene leaving the sample between 500 and 625 K decreases to 1.5x10 17 molecules/m 2 , a quantity that is only 16% of that formed on pure ceria. Re-exposure of 2-propanol to both ceria and Momodified ceria to 2-propanol resulted in essentially identical TPD-TGA results, without the need for oxidation of the samples, demonstrating that the samples were not modified by the experiment and that no residue remained on the surface from the previous exposure to 2-propanol.
TPD-TGA experiments with 2-propanol were performed on the other samples listed in Table 1 , and the major change observed with Mo loading was in the amount of propene formed between 500 and 625 K. The amounts of propene formed during TPD-TGA of 2-propanol are
given Table 3 and plotted along with the WGS activity of the Pd-loaded catalysts in Similar to what was reported in previous studies [7, 18] , more CO 2 is formed (115 µmol/g) in a sharp peak when the reduced sample is exposed to O 2 (m/e=32). A fraction of the CO 2 formed during the O 2 pulse is likely due to reaction of oxygen with CO adsorbed on the Pd; however, the amount of CO 2 that is formed is too large to be explained by this reaction. In the previous study, it was shown that the CO 2 formed during the O 2 pulse is due to decomposition of a surface carbonate that is stable only with Ce
3+
, an assignment that was confirmed by FTIR measurements [7] . The data for Pd on 1-wt% Mo-ceria, shown in Fig. 4b) , have a similar appearance to that for Pd/ceria, with the exception that much less CO 2 (38 µmol/g) is formed during the O 2 pulse. As we will demonstrate shortly when the FTIR results are presented, the surface carbonate is not formed on the Mo-containing sample and most of this CO 2 is likely formed by reaction of O 2 with CO adsorbed on Pd.
Data like that in Fig. 4 allow the quantification of oxygen transfer on the two catalysts and this information is given in Table 4 40 µmol/g of CO would remain on the surface after the CO pulse, to be oxidized in the subsequent O 2 pulse. On the Pd/ceria catalyst, the amount of transferred oxygen increases dramatically with temperature, to 135 µmol/g at 373 K and 215 µmol/g at 423 K. The maximum amount of oxygen that can be transferred by the Pd, even assuming 100% dispersion and complete oxidation of the metal, is 200 µmol/g, implying that the ceria is also being oxidized and reduced. The amount of transferred oxygen increases with temperature as more of the oxygen from the bulk is available. With Pd on 1-wt% Mo-ceria, the amount of oxygen transfer is constant until 473 K, implying that oxygen transfer from the support is negligible below this temperature. At the highest temperatures, where oxygen from bulk ceria is accessible, the differences between the two catalysts do not appear as dramatic.
The diffuse-reflectance, FTIR measurements shown in Fig. 5 
provide insights into how
Mo reacts with the ceria surface. The spectra in this figure were measured after oxidation in pure O 2 at 673 K to remove a majority of carbonates, after which the samples were cooled in flowing He. For pure ceria, the peaks observed at 3740, 3700, and 3635 cm -1 have been assigned to stretches of uni-dentate, bi-dentate, and tri-dentate hydroxyls [19] , while the broad band centered at 3510 cm -1 is believed to correspond to adsorbed water. The uni-dentate and bi-dentate hydroxyls are almost completely removed by the addition of 1.25 wt% Mo, spectrum e), suggesting that the Mo ions react with hydroxyl sites on the ceria surface. Molecular water is found on all of the Mo-containing surfaces, with the exception of pure MoO 3 . suggest that the Mo species associated with poisoning the ceria surface is not observed and that it is only the excess MoO x that is observable, and only at higher coverages.
Discussion
It appears that Mo affects ceria by preventing the reduction of the ceria surface. This conclusion is consistent with the CO-O 2 pulse data, which indicated that higher temperatures were required to add and remove oxygen from the Mo-poisoned surface. This conclusion is also consistent with the observation that there is no carbonate formation on the poisoned surface. Like [7] . Assuming that the redox mechanism proposed for the WGS reaction on Pd/ceria is valid [6, 7, 21] , one should expect a change in the reducibility of the ceria surface to severely affect the reaction rate. A key step in the redox mechanism is the oxidation by ceria of CO adsorbed on Pd. Anything that blocks this step will poison the catalyst. . Furthermore, the decrease in the amount of oxygen transferred in the CO-O 2 pulse data at 473 K, 90 µmol/g, is very similar to the Mo loading in that experiment, 100 µmol/g. Therefore, if special redox sites exist on the ceria surface, there is sufficient Mo present to block those sites.
Since it is hard to imagine that Mo could influence surface oxygen that was more than a few atomic distances away, the Mo must be very evenly dispersed over the surface. It seems unlikely that a random process could provide the high Mo dispersion, so that Mo must react with specific sites on the ceria surface during impregnation. Indeed, the selective removal of cerium hydroxyls upon the addition of Mo would also argue for the reaction of Mo ions with specific sites. The selective removal of cerium hydroxyls could also explain the 2-propanol adsorption results. One would expect the alcohol to form strong hydrogen bonds with the surface hydroxyls and that the decreased reaction of 2-propanol simply follows the removal of these hydroxyls. The mechanism for dehydration of the alcohol is associated with the Lewis acidity of the ceria surface and is probably similar to that observed in a previous study of ethanol on Finally, the initial interest in the WGS reaction in our laboratory came from our desire to understand oxygen storage capacity (OSC) in three-way automotive catalysts [11] . In that early work, it was found that the processes that lead to deactivation of OSC also lead to deactivation of WGS activity [6] . The data from a wide variety of model studies suggested that the exchangeable oxygen in ceria and ceria-zirconia mixtures was associated with defects or some other form of meta-stable ceria [29] . From this vantage point, surface Mo may either quench these special sites or prevent this oxygen from migrating to the surface.
Perhaps the most important message from the present study is that ceria-based catalysts exhibit interesting WGS properties that can be greatly modified by processing conditions and the addition of surface dopants. While the present study focused on a dopant that poisoned catalytic activity, we believe the insights gained in this work may lead to new approaches that enhance reactivity.
Conclusions
The addition of small amount of Mo (< 2 Mo/nm 2 on ceria) poisons the catalytic activity of Pd/ceria in WGS reaction significantly. Our study shows that Mo affects the activity by blocking the surface redox ability of ceria. This work provides additional evidence for the redox mechanism of the WGS reaction over Pd/ceria. 
